RESEARCH F ood and nutrition insecurity are the major threats to the world's population, particularly in Africa and Asia. Global food systems have become more dependent on a few major "staple" crops and three cereals (rice [Oryza sativa L.], wheat [Triticum aestivum L.], and maize [Zea mays L.]), which possess a lower concentration of mineral elements and provide >60% of plant-based human energy intake; this is greater in several countries in Asia (Cakmak and Kutman, 2018) . The global population is projected to reach 9.8 billion by 2050, posing a great challenge in terms of a larger number of mouths to feed. It is important to grow different crops that contribute to dietary diversity for sustainable agriculture and healthy diets to ensure food and nutritional security (Rajendran et al., 2017; Vetriventhan and Upadhyaya, 2018) . Current agricultural systems and food habits have encouraged research and development on major crops, neglecting minor and regionally important crops such as small millets (finger millet 
and nutrition security in areas where they are grown (Saleh et al., 2013) . Small millets are hardy crops with diverse adaptation and are less prone to being affected by insect pests and diseases. Diversifying crops and diets by including climate-resilient and nutrient-rich small millets could potentially help in overcoming malnutrition and enhancing the livelihoods of smallholder farmers.
Kodo millet is commonly known as rice grass, African bastard millet, creeping paspalum, ditch millet, Indian paspalum, kodo grass, varagu, etc. in different parts of the world. It was domesticated in India some 3000 yr ago, where it is grown as a food and feed crop; in Africa, it is harvested as a wild cereal, while its distribution is global (de Wet et al., 1983) . Kodo millet is grown on marginal lands and produces high grain yields even under limited water. Currently, it is being cultivated only in India on a limited acreage (0.20 million ha) (Ganapathy, 2017; Bhat et al., 2018) ; however, it has great potential and could be introduced to other semiarid regions in the world. Wild forms of kodo millet occur in Africa. However, the cultivated forms have an important future in Africa as well and deserve greater research and recognition (NRC, 1996) . Kodo millet can be cultivated as a pure crop or intercropped with pulses, particularly pigeonpea [Cajanus cajan (L.) Millsp.] , soybean [Glycine max (L.) Merr.] , and mung bean [Vigna radiata (L.) R. Wilczek] (Baghel et al., 1989; www.aicrpsm.res.in) . Nutritionally, the fiber content in kodo millet is much higher than that in other cereals such as rice, wheat, maize, sorghum [Sorghum bicolor (L.) Moench], pearl millet [Pennisetum glaucum (L.) R. Br.], and finger millet (Saleh et al., 2013) . A variety of food and snacks are made out of kodo millet in India (Deshpande et al., 2015) . In Africa, it is cooked as rice. It is very easy to digest and contains a high amount of lecithin, which is excellent for strengthening the nervous system. Its grains are rich in B vitamins, especially niacin, B6, and folic acid, as well as minerals such as Ca, Fe, K, Mg, and Zn (Ganapathy, 2017) . Supplementation with kodo millet alleviates high-fat-diet-induced changes and can be incorporated as a functional ingredient to manage obesity (Sarma et al., 2017) . It is also a good choice of fodder for cattle, goats, pigs, sheep, and poultry.
There has been a drastic decline in the area under cultivation of small millets in India (where kodo millet is largely cultivated) from 5.29 to 0.69 million ha between 1951 and 1955 and 2011 to 2015 , with the exception of finger millet (Indian Council of Agricultural ResearchAll India Coordinated Research Project on Small Millets Annual Report 2017-2018, available at www.aicrpsm.res. in) . This was mainly due to very limited crop improvement efforts, and production and processing technologies that resulted in no yield improvements in kodo millet and other small millets, except finger millet. Globally, >8000 germplasm accessions of kodo millet have been conserved in genebanks, and a majority are housed in India (Upadhyaya et al., 2015) . The genebank at ICRISAT, India, conserves 665 landrace accessions, representing all three races of kodo millet: regularis (457 accessions), irregularis (82 accessions), and variabilis (117 accessions) (http://genebank. icrisat.org/). There is no comprehensive study on variability in kodo millet germplasm accessions for grain yield and other important agronomic traits. Neither is such information available for grain nutritional traits that could provide important insights to kodo millet researchers and prove useful in germplasm selection and multilocation testing, and even lead to their direct release as cultivars. Therefore, this study selected a representative set of 200 kodo millet accessions from the 665 accessions conserved at the ICRISAT genebank using the cluster information that was used to constitute the kodo millet core collection (Upadhyaya et al., 2014) , representing ?30% of entire collection, and 26, 37, and 48% of the races regularis, variabilis, and irregularis, respectively. This study aimed to assess kodo millet germplasm for morphoagronomic and grain nutritional traits, to assess the association between agronomic and grain nutritional traits, and to identify high-yielding and nutrient-rich accessions for use in research to identify and/or develop suitable cultivars.
MATERIALS AND METHODS

Experimental Details
Two hundred kodo millet germplasm accessions, including the core collection (75 accessions; Upadhyaya et al., 2014) originating from India and Sri Lanka, were included in this study. The accessions were evaluated for morphoagronomic traits during the rainy season in 2015 and 2016 at ICRISAT, Patancheru, Telangana, India (17°51¢ N, 78°27¢ E; 545 m asl). The experiments were planted on red soils (Alfisols) in the third week of July in both years, in an a design with two replications, and sowing was done on ridges that were 60 cm apart. Each accession was planted in a single row of 4-m length, with an interplant spacing of 10 cm and at uniform depth. Diammonium phosphate was applied at 100 kg ha −1 as a basal dose to supply N and P. In addition, 100 kg ha −1 of urea was applied as topdressing. The precision fields at ICRISAT have uniform fertility and a gentle slope of 0.5%. Crop-specific agronomic practices (including irrigation, weeding, etc.) were followed to raise a healthy crop.
Data Collection of Morphoagronomic Traits
Observations on 22 morphoagronomic traits were recorded following kodo millet descriptors (IBPGR, 1983) . The five morphological traits included growth habit (erect or decumbent), culm branching (high, medium, or low), leaf erectness (erect, arched, or bent), internodal exposure (covered, partly exposed, or exposed), and flag leaf at the second axis node (absent, well developed, or rudimentary). Of the 17 agronomic traits, five (namely, days to 50% flowering, days to maturity, 100-seed weight, straw yield, and grain yield) were recorded on a plot basis, whereas basal tiller number, plant height, flag accessions were clustered using Gower's phenotypic distance matrix following hierarchical clustering as in Ward's method (Ward, 1963) using R package cluster (Maechler et al., 2018) .
RESULTS
ANOVA and Heritability
The ANOVA indicated that genotype differed significantly for all the agronomic and grain nutritional traits in the individual years, whereas races did not differ significantly for flag leaf blade length and grain yield (g plant −1 ) in both years, or for basal tiller number, flag leaf sheath length, Fe, and Ca in 2015 or number of racemes, Zn, and protein content in 2016 (Table 1) . Grain yield (kg ha −1 ) and straw yield (kg ha −1 ) were estimated only in 2016, and the genotype differed significantly for both the traits. Homogeneity of variance test (Bartlett, 1937) revealed that the error variances between 2 yr were heterogeneous for days to 50% flowering, maturity, flag leaf blade length, flag leaf blade width, flag leaf sheath length, inflorescence length, and grain nutrient traits Fe, Ca and protein content, and homogenous for other agronomic traits and Zn content. Therefore, further analyses were done on the basis of individual years. All the agronomic traits showed high estimates of h 2 b (>0.60), except number of basal tillers, flag leaf blade length, flag leaf sheath length, sterile primary axis length, and harvest index in 2015, and basal tiller number, flag leaf blade length, flag leaf blade width, sterile primary axis length, number of racemes, and grain yield in 2016 (Table 1 ). All four grain nutrient traits showed high heritability in both the years, except Zn and protein, which showed moderate heritability in 2016.
Variability for Morphoagronomic and Grain Nutrient Traits
Morphological Traits
The frequency of different phenotypic classes of five qualitative (morphological) traits was determined for the full set of accessions (n = 200) and for each race (Fig. 1) . In the full set, accessions with erect growth habit (90%), medium culm branching (51%), erect leaves (81%), partly exposed internode (55%), and all three classes of flag leaf at second axis node (absent in 30% of accessions, well developed in 35% of accessions, and rudimentary in 35% of accessions) were predominant classes. Similar patterns were observed in each race. Flag leaf at secondary axis node had the highest Shannon-Weaver diversity index (H¢) in the full set and in each race, whereas growth habit had the least (Table 2 ). Across traits, irregularis had the highest H¢ (0.360), followed by regularis (0.338), and variabilis (0.330).
Agronomic Traits
Kodo millet accessions showed a wide range of variation for all the agronomic traits in both the years. Significant differences were observed between years for all the agronomic leaf blade length, flag leaf blade width, flag leaf sheath length, inflorescence length, sterile primary axis length, raceme number, thumb length, longest raceme length, grain yield per plant, and harvest index were recorded on five randomly selected competitive plants in each plot, and average values of each accession and trait were used for analysis. Harvest index was calculated as the ratio of grain yield per plant to total biological yield (dry weight) per plant. Straw and grain yields per plot were converted into yields (kg ha −1 ).
Estimation of Grain Nutrient Content
Grains of 200 kodo millet accessions in each year were harvested separately at maturity. Care was taken to avoid contamination with dust and metal particles during their cleaning. Further, to divest them of dust and metal particles, grains were washed for a few seconds using distilled water and dried in hot air at 40°C for 2 h. A randomly well-cleaned grain sample (unhusked) from each accession was used to estimate grain protein, Ca, Fe, and Zn content at the Charles Renard Analytical Laboratory, ICRISAT. Grain Ca, Fe, and Zn content were assessed by HNO 3 -H 2 O 2 digestion method, and the digests were analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES) (Wheal et al., 2011) . Protein content in grain samples was determined by H 2 SO 4 -Se digestion method (total N was estimated in a Skalar autoanalyzer, and protein was calculated as N% ´ 6.25 [a conversion factor]; Sahrawat et al., 2002) .
Statistical Analysis and Identification of Trait-Specific Sources
An ANOVA was performed for 17 agronomic and four grain nutritional traits for individual years following an a design using GenStat 17th edition (http://www.genstat.co.uk). The homogeneity of variance test (Bartlett, 1937) revealed that the error variances between 2 yr were heterogeneous for most traits, and therefore, individual year data were considered to assess variability and identify trait-specific sources. The mean performance of the races for each agronomic and grain nutrient trait was compared using the Newman-Keuls test (Newman, 1939; Keuls, 1952) , and the homogeneity of variances among races was tested using Levene's procedure (Levene, 1960) using the R packages agricolae (de Mendiburu, 2017) and car (Fox and Weisberg, 2011) , respectively. Broad-sense heritability (h 2 b ) was estimated for individual years for each trait and categorized as low (<0.30), moderate (0.30-0.60) or high (>0.60). Correlation coefficients were estimated among the 15 agronomic traits and four grain nutrient traits using GenStat 17th edition. The Shannon-Weaver diversity index (H¢) (Shannon and Weaver, 1949) was estimated for agronomic and nutritional traits using mean data of each accession, whereas phenotypic classes of each qualitative trait were numerically coded for H¢ estimation, using GenStat 17th Edition. A low H¢ indicates extremely unbalanced frequency classes for an individual trait and a lack of genetic diversity. Based on the performance over 2 yr, accessions with high grain yield, greater 100-seed weight, early maturity, and high grain nutrient content were identified. Gower's phenotypic distance matrix (Gower, 1971) was constructed using all the traits in both the years, and the most diverse pairs of accessions were identified. Trait-specific traits except basal tiller number, number of racemes, and grain yield (g plant data not shown). Races differed significantly for days to 50% flowering, days to maturity, plant height, Table 1 . Estimates of race, genotype, error and total mean squares (MS), and broad-sense heritability (h 2 b ) for agronomic traits and grain nutritional traits of kodo millet germplasm evaluated in 2015 and 2016 at ICRISAT, Patancheru, India. 5.7** 2.7** 0.6 1.9 0.78 0.01ns 0.9** 0.5 1.0 0.47 * Significant at the 0.05 probability level.
** Significant at the 0.01 probability level. † ns, nonsignificant. ‡ NR, data not recorded. Fig. 1 . Occurrences (instances) of phenotypic classes of five qualitative traits in the entire set and in three races of kodo millet germplasm.
Grain Nutrient Content
The 200 (Table 3 ). The H¢ index indicated that the three races (0.538-0.599 in 2015, 0.578-0.596 in 2016), the full set (0.601 in 2015, 0.598 in 2016), and all four grain nutrients flag leaf sheath length, inflorescence length, sterile primary axis length, thumb length, and straw yield ( in 2016), whereas the other two races had similar means for these traits. Other traits, namely basal tiller number, flag leaf blade length, flag leaf blade width, number of racemes, longest raceme length, 100-seed weight, harvest index, and grain yield did not differ among races in both the years. The number of racemes had the lowest H¢ value in both years (0.271 in 2015, 0.220 in 2016) and in all three races (0.245-0.326 in 2015, 0.203-0.257 in 2016) , whereas other traits had high diversity (Table 2) , indicating considerably high diversity of kodo millet accessions for agronomic traits. (0.577-0.623 in 2015, 0.541-0.620 in 2016) had high H¢ values, though regularis had slightly higher diversity than the other two races in both the years (Table 2) .
Association between Grain Nutrients and Agronomic Traits
In both 2015 and 2016, grain yield (g plant −1
) was significantly and positively correlated with plant height, thumb length, and harvest index, as well as with flag leaf blade width and number of racemes in 2015, and days to 50% flowering, days to maturity, basal tiller number, flag leaf sheath length, inflorescence length, sterile primary axis length, longest raceme length, 100-seed weight, and straw yield (kg ha 
Trait-Specific Sources
Agronomic Trait Early flowering, greater 100-seed weight, and high grain yields are important traits in kodo millet. In the full set, 14 accessions matured significantly earlier in both the years (88-94 DAS in 2015 , 85-90 DAS in 2016 together with early maturity, we identified eight accessions that flowered significantly early in the both years and also produced grain yields ranging from 2524 to 3689 kg ha −1 (Table 5 ). For 100-seed weight, 13 accessions had significantly high 100-seed weight (0.60-0.65 g in 2015, 0.52-0.75 g in 2016), and 10 of them produced grain yield over 2500 kg ha . Altogether, 30 accessions were identified for agronomic traits; yields of these accessions varied from 2524 to 4121 kg ha −1 and maturity varied from 87 to 132 DAS. Grain Nutrient Content
Grain nutrient traits showed considerable differences between years, and thus most grain nutrient rich accessions in 1 yr did not display the same performance in another year. Therefore, the accessions that were consistent in both the years were identified using averaged LSD over both the years. Thus, if the difference between years for a given nutrient was greater than or equal to the average LSD of both the years (Fe £ 7.8 mg kg , and protein £ 1.5%), the accession was considered as consistent. For Fe content, differences of up to 28.9 mg kg −1 were observed between years, and 150 accessions with differences of <7.8 mg kg −1 were considered as consistent, of which 18 accessions with Fe content over 27 mg kg −1 in both years (trial mean of >27.6 mg kg −1 in 2015 and >25.5 mg kg −1 in 2016) were identified as consistently high Fe accessions. Similarly, for Zn content, differences of up to 9.6 mg kg −1 were observed between years, and 157 accessions were found to be consistent in both years (difference between years £ 3.8 mg kg −1 ), of which 19 accessions with Zn content of >25 mg kg −1 in both years (trial mean = 23.0 mg kg −1 in 2015 and 24.9 mg kg −1 in 2016) were identified as consistently high Zn accessions. For Ca content, differences of up to 120 mg kg −1 between years were observed, and 108 accessions were found to be consistent with differences of £32.5 mg kg −1 between years, of which 10 were identified as consistently high Ca accessions having >215 mg kg −1 in both years (trial mean = 213.3 mg kg −1 in 2015 and 189.6 mg kg −1 in 2016). Protein content had differences of up to 3.4% between years, and 135 accessions were found having £2% differences between years and were considered consistent. Accessions with >9% protein in both the years (trial mean = 7.9% in 2015 and 8.5% in 2016) were identified as consistently high-protein accessions. Considering the pivotal role that grain yield plays for farmers, a yield ceiling of >2500 kg ha −1 was considered along with high nutrient content. Thus, 30 accessions were identified including eight for Fe, 14 for Zn, six for Ca, and seven for protein, with a few accessions for more than nutrients, that met both the criteria of yield and nutrient content (Table 6 ). ) were estimated only in 2016, whereas other traits were recorded in both the years.
Diversity among Trait-Specific Sources
were common to both agronomic and nutritional groups. The five most diverse pairs of accessions in the three groups with distance are given in Table 7 .
A hierarchical clustering analysis of trait-specific sources following Ward's method resulted in three major clusters, C-I, C-II, and C-III at the height (distance between clusters) of 0.35 (Fig. 2) . The 13 accessions in C-I were late maturing (117 DAS in 2015 , 125 DAS in 2016 , data not shown). In C-I and C-III clusters, all the accessions except three belonged to the race regularis, whereas C-II contained accessions belonging to all three races with a preponderance of regularis (15 accessions) followed by variabilis (7) and irregularis (6).
DISCUSSION
Kodo millet accessions evaluated in this study revealed a significant level of variability for morphoagronomic and grain nutrient traits. The three races of kodo millet can be differentiated on the basis of spikelet arrangement on racemes: accessions of race regularis are characterized by racemes with the spikelets arranged in two rows on one side of a flattened rachis; accessions of race irregularis Table 5 . Kodo millet germplasm accessions identified for greater 100-seed weight and high grain yield, based on evaluation in 2015 and 2016 at ICRISAT, Patancheru, India. are characterized by racemes with the spikelets arranged along the rachis in two to four irregular rows; and race variabilis is characterized with the irregularly arranged spikelets on the lower parts of raceme, while spikelets arrangement becomes more regularly two-rowed in the upper part of the raceme (de Wet et al., 1983) . In this study, there were no differences in frequency and diversity of qualitative traits among kodo millet races, other than the spikelet arrangement on racemes, whereas agronomic traits, namely maturity duration, plant height, inflorescence length, sterile primary axis length, and thumb length, showed significant differences among races. The race regularis was late maturing, produced tall plants with long inflorescence, long sterile primary axis, long thumb length, and produced higher straw yield, whereas the other two races did not differ from each other for these traits. However, all the three races did not differ significantly for grain yield, although race regularis had higher grain yield followed by variabilis and irregularis. Identification of kodo millet germplasm that could be tested in multiple locations and, if found suitable, further released as cultivars is a very effective and quick road to cultivar release, since hybridization-based breeding is difficult in the crop owing to its floral morphology. Early maturity and high grain yield are the important traits of focus in kodo millet. In India, ?33 kodo millet cultivars have been released since 1942, and all of them were pure line selections from landraces, except a few that were released by mutation breeding. Grain yields of released cultivars varied from 0.8 to 3.0 t ha −1 (AICSMIP, 2014) . This study showed a wide range ). These early-maturing accessions could be grown as a catch crop to assure maximum yields if the monsoon fails. Similarly, 10 accessions with greater 100-seed weight and high yields (>2500 kg ha −1 ) were identified. Fifteen high-yielding accessions that produced >3500 kg ha −1 were identified, of which IPs 729 matured in <90 DAS and yielded 3689 kg ha −1 . Altogether, 30 accessions were identified for agronomic traits, all of which yielded >2500 kg ha −1. Their yield adaptability could be tested across diverse kodo millet growing regions in the arid and semiarid regions for potential release as cultivars if they perform better than existing cultivars.
There have been no studies on variability for grain nutrient content in kodo millet germplasm, except for a few on protein content. Earlier studies have reported protein content of 9.2 to 11.2% using a few germplasm (Kulkarni and Naik, 2000; Kewat et al., 2016) . Kodo millet accessions used here showed significant variation for grain Fe, Zn, Ca and protein content, and the three races did not differ significantly from each other. In proso millet, the race ovatum was found to have considerably higher grain nutrients than other races (Vetriventhan and Upadhyaya, 2018) . Average Zn (23-25 mg kg −1 ) and protein (7.9-8.5%) contents in the kodo millet accessions used in this study were greater than those in finger millet germplasm (Zn 19.9 mg kg −1 , protein 7.3%) (Upadhyaya et al., 2011a) , and Ca content (190-213 mg kg −1 ) was greater than in foxtail millet (146 mg kg −1 ) (Upadhyaya et al., 2011b) and proso millet (165 mg kg −1 ) (Vetriventhan Table 7 . The five most diverse pairs of kodo millet accessions in the three trait groups with distance. (Ward, 1963) . The height in the cluster represents the distance or dissimilarity between two clusters or objects that are joined. REG, regularis; IRR, irregularis; VAR, variabilis. ) and comparable with the average Fe and Zn contents at the baseline of wheat, maize, and sorghum (Garcia-Oliveira et al., 2018) . This underlines the importance of kodo millet in terms of grain nutrient contribution, high yield potential, and drought adaptation and demonstrates that kodo millet could be a good supplement for crop and diet diversification.
Grain nutrient content is highly influenced by genotype and genotype ´ environment interactions; therefore, assessing trait stability across environments is important in crop improvement programs to enhance the nutritional quality of food crops. High genotype ´ environment interaction has been reported for grain nutrient content in several crops including maize (Oikeh et al., 2004) , sorghum (Phuke et al., 2017) , pearl millet (Pucher et al., 2014) , and affects the rank of genotypes across environments. In this study, most significantly high-grain, nutrient-rich accessions in 1 yr did not display the same performance in another year. Therefore, it is important to identify high-grain, nutrient-rich accessions that performed consistently during both the years. In the full set, a high percentage of accessions performed consistently in both years for Zn (78.5%) and Fe content (75.0%) followed by protein content (67.5%) and the least was for Ca (54.0%), indicating the relative sensitivity of these nutrient traits to environment and genotype ´ environment interactions.
Grain Fe and Zn content in several crops including sorghum (Upadhyaya et al., 2016; Phuke et al., 2017) , pearl millet (Kanatti et al., 2014) , proso millet (Vetriventhan and Upadhyaya, 2018) , and finger millet (Upadhyaya et al., 2011a) were significantly and positively correlated. However, in this study, Fe and Zn content showed significant correlation only in 2016, indicating that the performance of accessions between years and consequently the correlation between the traits, differ mainly due to the influence of year (environments) and genotype ´ year interaction. Thus, it is important to test nutrient stability and identify consistently performing genotypes across seasons and years. Based on the consistent performance for nutrient content and high grain yield in both the years, 30 grain nutrient-rich accessions were identified, including eight for Fe, 14 for Zn, six for Ca, and seven for protein content. Some of them were consistently high for more than one nutrient trait: IPs 766 and IPs 618 for Fe and protein, IPs 344 for Fe and Zn, and IPs 244 and IPs 5 for Zn and Ca content. All these grain nutrient-rich accessions also produced grain yields >2500 kg ha ) was observed in this study, offering the possibility of identifying accessions with high Fe and Zn in a high-yielding background.
This study identified 50 trait-specific accessions, including 10 for multiple traits (both agronomic and grain nutrient: IPs 4, IPs 5, IPs 77, IPs 83, IPs 222, IPs 264, IPs 279, IPs 686, IPs 689, and IPs 814). The five most diverse pairs in each of the three groups (agronomic, nutritional and multiple traits) revealed repeated occurrence of a few accessions (Table 7) . IPs 279 occurred three times in the agronomic group and four times each in the nutrient and multitrait groups, whereas IPs 710 occurred three times in the agronomic group, and IPs 236 in the nutrient group and IPs 77 in multitrait group occurred twice each (Table 7) . This indicates that IPs 279, IPs 710, IPs 236, and IPs 77 may be of particular interest in imparting diversity. High-yielding diverse cultivars form the basis of sustainable agricultural production. The multiple trait accessions produced grain yields in the range of 2944 to 4121 kg ha −1 and matured in 89 to 132 DAS, and all of them were consistently rich in either one or two grain nutrients. These high-yielding and nutrient-rich accessions could be evaluated extensively in multiple locations under diverse conditions and years in the kodo millet growing regions. This will facilitate the identification of promising high-yielding nutrient-rich accessions for further release as cultivars and use in crop improvement to ensure food and nutritional security in a changing climate scenario. Integration of kodo millet into cropping systems will also contribute to crop diversification and better use of land, diet diversification, and reducing micronutrient and protein malnutrition. Researchers can obtain seed samples of these accessions from the ICRISAT genebank (http:// genebank.icrisat.org/) for research purpose through a Standard Material Transfer Agreement.
